Abstract-Flexible needle with bevel tip offers greater mobility for puncture surgery. This would expand the scope of the puncture surgery. However, motion planning for flexible needle is still a challenge due to its non-holonomic property and the complicated interactions with soft tissues. In this paper, a multilayer tissue model is constructed to simulate human tissue, and a dynamic programming is employed to plan the motion of flexible needle in the multilayer environment. In order to improve the security of the puncture process, the obstacles are fuzzed up. Then, an optimal algorithm is developed to determine a more suitable puncture angle. In addition, to deal with more complex environment, we develop a reverse algorithm to confirm the entry point in line with the target. Finally, we take some simulations to verify the proposed algorithms, and analyze the results.
INTRODUCTION
Percutaneous puncture is perhaps the most widely used technique in surgery, especially in MIS (minimally invasive surgery). It is a critical aspect of many diagnoses and treatments, including biopsy, injection and brachytherapy. However, performing these operations using traditional rigid needles is limited to straight-line paths between the entry point and target area, which can lead to complications due to cut through impenetrable or sensitive anatomical structures. As an improvement in rigid needles, flexible needles [1] with bevel-tip are being developed that enable the needle to move along curved trajectories within tissue when a forward pushing force is applied. This class of flexible needles offers improved mobility, enabling needles to reach previously inaccessible targets while avoid sensitive or impenetrable areas.
The puncture process of flexible needles requires a motion planning because of the mobility and controllability. But motion planning for flexible needles is a difficult problem due to factors such as the nonholonomic motion of the needle tip and the presence of anatomical obstacles. Some research has been done on this problem. But, the work area in the existing research always was idealized, and did not take into account the hierarchical characteristics of human tissue. The flexible needle has different model in different tissue, this can not be generalized. And flexible needle was steered into the skin perpendicularly, which also limits the optimization of the flexible needle's path. Now, motion planning is researched simply, and mostly concentrated in 2D image plane. Alterovitz et al. [2] modeled the needle motion in 2D as a Dubins car without reverse, computed the tissue deformations using a finite element model, and formulated the planning problem as a constrained nonlinear optimization problem that is locally minimized using a penalty method that converts the formulation to a sequence of unconstrained optimization problems. In order to deal with the motion uncertainty which was caused by the interaction between needle and tissue, Alterovitz et al. [3, 4] formulated the motion planning problem as Markov Decision Process (MDP) and Random Markov Decision Process (RMDP) using a regular discretization of work space and needle tip orientations. Instead of using elements to represent the needle and soft tissue, Jijie et al. [5] used a meshless framework for modeling and simulating the process that flexible needle insertions through soft tissue, and employed a moving least square approximation to optimize the puncture path. Nasser et al. [6] used an uncertainly model to deal with the uncertainty of needle insertion, and formulated the planning problem as an optimization of Lyapunov energy function which was worked out by Hopfield neural network.
With the increased use of volumetric medical imaging techniques such as 3D ultrasound and MRI, it is necessary to consider needle steering in 3D environments. Park et al. [7] proposed a diffusion-based motion planning method to compute flexible needle paths in obstacle-free tissue. Duindam et al. [8] discretized the control space instead of discretizing the configuration space as in earlier work. They introduced two different discretization strategies that led to differently structured paths and shown that both produced valid trajectories from entry point to target. Xu et al. [9] used Rapidly-Exploring Random Trees (RRT) to explore the state space for computing valid needle paths in 3D environments with obstacles. Sachin et al. [10] proposed a sampling-based motion planning for steerable needles based on RRT with key extensions and customizations to enable fast motion planning for steerable needles.
Up to now, all the research was conducted in single-layer tissue, and most of the algorithms can't obtain an optimal path. In contrast to previous work, we introduce an optimized path planning method in the multilayer tissue environment with obstacles based on discrete-space and dynamic programming (DP) motion planning technique. We take into account the optimization of the puncture angle. For more complex work environment, we employ the reverse planning method which can determine the optimal entry point and puncture angle of the flexible needle in line with the target location. It is difficult to deal with multilayer and three-dimensional environment at the same time. So we cut down the difficulty by limiting the needle steering in 2D environment, and leave this problem to the future research. . Form one state to the next in the state series, the control action is either insertion (u=0) or rotation-and-insertion (u=1). Then, we can simplify the path by using control series } ,..., , { 2 1 n u u u U instead of the needle tip state series. The cost of i C happens in the insertion and r C in the rotation, then we can get the cost of every step:
And the total cost occurs in the whole puncture is:
is the fuzzy value of the cell that the needle tip occupies. If the needle tip touches an obstacle before reaching the destination, this path is unavailable and will be ended.
We obtain the optimal control series by minimizing the cost function (8) . Then, we can get the optimal path that from the initial point to the destination.
B. Path planning algorithm
The goal of the planner is to compute a control series U that minimizes
which is the total cost of inserting a flexible needle to the destination. The cost function for this problem is:
In this function, there are three parameters: insertion cost We use value iteration to solve the dynamic program problem define by the function (9). And we will describe how to use the dynamic program solve the motion planning in the following content.
1) Multilayer tissue path planning with puncture angle
optimization Up to now, the puncture angle is perpendicular to the skin surface in the path planning of flexible needle. This isn't in keeping with the reality that the doctor will try different puncture angle in order to improve the puncture trajectory.
To handle this problem, we raise this algorithm which can optimize the puncture angle.
We need to initialize the algorithm firstly. According to the workspace, we calculate the discrete workspace and the control circles attaching to different tissues. The obstacles are put into the workspace, after that the work of obstacle fuzzification will be done. We initialize the initial states based on the start point and the puncture angle range. Then, the iteration of the algorithm is started. Every active state has two choice of action: insertion and rotation-and-insertion. The needle tip will reach a new state after operating. If the new state is in an obstacle area or on the boundary of the workspace, it is illegal and this path will be ended. If not, a compare between the new state value and state value will be taken, and the less state value will be reserved. The algorithm will not stop until all possible paths have been researched. At the end, the optimal path and the control series will be found according to the destination.
2) Multilayer tissue reverse path planning
For a certain start point, an optimal puncture path not exists in a complex environment. We propose a reverse path planning to get the start position and the control series according the destination. A path starting from the destination can be described as a reverse path starting from the start point. So the reverse algorithm is based on the forward algorithm. The difference between them is that reverse algorithm is initialized in the light of the destination and the optimal path is found along the surface where the start point lied on.
IV. SIMULATION AND RESULTS ANALYSIS
We implement the motion planning method for the flexible needle insertion in a multilayer environment with obstacles. The workspace is defined to be a rectangle region with coordinates With the increase of density, the force that applied to the bevel of needle tip increase and the arc of the flexible needle has a smaller radius. Here, we set the radius of curvature in the fat, muscle and liver . Simulations are run on a computer with Intel(R) Core(TM)2 Duo CPU E7500 2.93MHz, 2GB memory, and Microsoft Windows XP operation system. We first apply the basic dynamic programming algorithm for solving multilayer path planning problem, and the result is as shown in Fig 6(b) . The path is close to the obstacles, and it may be unsafe when the puncture is carried out according to the path. Then the fuzzification of the obstacle is taken into account. The result of the algorithm is shown in the Fig 6(c) . It's obvious that the path in this figure is away from the obstacles. But, the total cost increases compared to the base algorithm as shown in table I. In order to optimize the puncture angle, we raise a new algorithm (BAFAO). The performance of the algorithm is shown in 
